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Motions of calmodulin characterized using both Bragg and
diffuse X-ray scattering
Michael E Wall1,2*, James B Clarage1 and George N Phillips, Jr1,2
Background: Calmodulin is a calcium-activated regulatory protein which can
bind to many different targets. The protein resembles a highly flexible
dumbbell, and bends in the middle as it binds. This and other motions must
be understood to formulate a realistic model of calmodulin function.
Results: Using the Bragg reflections from X-ray crystallography, a multiple-
conformer refinement of a calmodulin–peptide complex shows anisotropic
displacements, with high variations of dihedral angles in several nonhelical
domains: the flexible linker; three of the four calcium-binding sites (including
both of the N-terminal sites); and a turn connecting the C-terminal EF-hand
calcium-binding domains. Three-dimensional maps of the large scale diffuse
X-ray scattering data show isotropic liquid-like motions with an unusually
small correlation length. Three-dimensional maps of the small scale diffuse
streaks show highly coupled, anisotropic motions along the head-to-tail
molecular packing direction in the unit cell. There is also weak coupling
perpendicular to the head-to-tail packing direction, particularly across a cavity
occupied by the disordered linker domain of the molecule.
Conclusions: Together, the Bragg and diffuse scattering present a self-
consistent description of the motions in the flexible linker of calmodulin. The
other mobile regions of the protein are also of great interest. In particular, the
high variations in the calcium-binding sites are likely to influence how strongly
they bind ions. This is especially important in the N-terminal sites, which
regulate the activity of the molecule. 
Introduction
Calmodulin enables intracellular calcium levels to influ-
ence many biological processes [1]. In the presence of
Ca2+, the protein assumes the shape of a dumbbell, the
N-terminal and C-terminal globular domains being teth-
ered together by a flexible a -helical linker. In this form,
calmodulin can activate an acceptor protein: the linker
bends in the middle, which allows the globular ends to
engulf a target peptide sequence in a hydrophobic
channel (Figure 1).
There are four calcium-binding sites in calmodulin: two in
the N-terminal domain and two in the C-terminal domain.
The two sites in the C-terminal domain bind calcium
strongly. The two sites in the N-terminal domain bind
calcium weakly, and regulate the activity of the protein.
Terbium fluorescence decay studies of calmodulin have
shown that the calcium-binding sites are capable of adopt-
ing many distinguishable conformations [2].
Nuclear magnetic resonance (NMR) studies of solution-
state Ca2+–calmodulin show backbone motions in linker
residues 77–81 [3]. In addition, X-ray crystallography
studies of Ca2+–calmodulin in complex with the calmodulin
binding domain peptide of the brain calmodulin-dependent
protein kinase IIa (Ca MKIIa ) showed missing electron
density in the linker residues 74–83 of calmodulin [4]. As
this suggests especially high mobility in the linker, we
chose this complex to study the motions of crystalline
calmodulin.
X-ray diffraction experiments can be used to characterize
the motions of crystalline proteins. Atomic temperature
factors in traditional structural models, for instance, will be
high in regions of the protein which are highly mobile. In
addition, a structural model can be improved by super-
imposing several independent structures in a crystallo-
graphic refinement. The models are varied to find the
best fit to the data, and, at the end of refinement, the dif-
ferences among the structures can be related to motions of
the crystalline protein.
This technique is known as ‘multiple-conformer refine-
ment’ [5,6]. Another way to characterize the internal
dynamics of protein molecules comes from an extension of
the experimental methods of X-ray crystallography.
Protein motions give rise to disorder in protein crystals,
which causes X-rays to be diffracted into angles that do
not satisfy the Bragg condition: this is known as ‘diffuse
scattering’ [7]. Analysis of this diffuse scattering yields an
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overall description of the character of protein motions
[8–10]: how much atoms are moving, in what direction
they are moving, and — something not generally visible
using Bragg reflections — to what extent the motions of
an atom are influenced by those of its neighbors. 
From a purely empirical point of view, diffuse scattering
comes in two varieties: big and small. ‘Large scale diffuse
features’ vary on length scales larger than the separation
between Bragg reflections in reciprocal space, and ‘small
scale diffuse features’ vary on length scales smaller than
the Bragg peak separation. The large-scale features corre-
spond to motions which are only correlated on length
scales smaller than the unit cell, while the small-scale fea-
tures correspond to motions which are correlated on
length scales larger than the unit cell.
Many studies have shown that reasonable models of
protein dynamics can be used to calculate diffraction
patterns which mimic diffuse scattering in X-ray exposures.
Such studies have not only revealed characteristics of
crystalline protein motions [11–18], but also have been
used to experimentally check the results of single-molecule
molecular dynamics simulations [19]. These same studies,
however, rely on visual inspection to evaluate the agree-
ment between models and data. In addition, the lack of an
objective measure of agreement between the calculated
and experimental scattering has, in some cases, caused
argument about the interpretation of results.
Recently, Wall et al. [20] used X-ray exposures to measure
the three-dimensional reciprocal-space distribution of
diffuse scattering from crystals of Staphylococcal nuclease.
Then, in a manner analogous to ordinary refinement of
structural models against Bragg reflections, these maps
were used to manually refine simple models of protein
dynamics, using familiar R factors and correlation coeffi-
cients (see Materials and methods section) as objective
measures of goodness-of-fit. Of all of the simple, analytic
models evaluated, the ‘liquid-like motions’ model of Caspar
et al. [14] showed the highest correlation with the data.
Here, we apply similar techniques to study diffuse scat-
tering from a crystalline calmodulin–peptide complex.
The large scale diffuse features are mapped in an almost
identical fashion to those in the study of Staphylococcal
nuclease, and are used to describe the isotropic, liquid-
like internal motions of the protein. In addition, the
same techniques are extended and improved in order to
resolve the three-dimensional distribution of small scale
diffuse features. We use the small-scale data to study a
more complex model of protein dynamics — anisotropic
liquid-like motions (see Clarage et al. [15]) — and show
that the refinement is sensitive to the particular form of
the displacement correlations in the model. We present
these results in terms of the flexibility of the molecule,
and its packing in the crystal lattice. We also point out
consistencies with the results of the multiple-conformer
refinement.
All of these studies taken together describe a picture of
calmodulin protein dynamics on many length scales.
Refined atomic temperature factors yield the amplitudes
of motion of individual atoms. A multiple-conformer
refinement shows high variations not only in the flexible
linker, but also in other nonhelical domains, including
three of the four calcium-binding sites. Large scale
diffuse features reveal isotropic atomic displacements
which weakly influence the motions of neighboring
atoms. Finally, small scale, streaked diffuse features
show motions which are confined to the same plane as
those in the multiple-conformer refinement. The motions
are strongly coupled in some directions, appearing rigid
on the unit cell length scale, and weakly coupled in other
directions, appearing rigid only over distances smaller
than the unit cell.
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Figure 1
Dynamics in calmodulin binding. The linker of
calmodulin (white) bends as the ends of the
protein engulf the target (red stick model);
there are also significant motions within the
globular ends. Experiments to characterize
these motions are necessary to understand
how calmodulin works (see text for details).
Within the globular ends, helices are shown in
cyan, b strands in green and loops in orange;
Ca2+ ions are depicted as white spheres. (The
figure was made using the program
RIBBONS [41].)
Results
Structural model
Using the 1CDM Protein Data Bank (PDB) coordinates
[4] as a starting point, a structural model was refined from
10 Å to 2.0 Å for the complex of calmodulin, the CaMKIIa
peptide fragment, and Ca2+ ions. The PDB coordinates
were modified to include residues 74–83 of the flexible
linker, which are missing in the 1CDM structure. This
fragment was included by extracting starting coordinates
from the 1CDL PDB structure [21], manually positioning
it with respect to the 1CDM structure using the program
CHAIN [22], and incorporating it into the backbone when
refining the X-PLOR structural model.
The final refined structure was very similar to the 1CDM
structure. The model included 58 water molecules, and an
extra Ca2+ ion was found between symmetry-related pairs
of molecules. This Ca2+ ion was coordinated to four atoms:
an oxygen of the carboxylic acid group of Asp133; the car-
bonyl oxygen in the amide group of Gln135; and the same
two atoms on the symmetry partner. The structure refined
to an Rfree = 0.302 [23], R = 0.234. Our observations
confirm those of Meador et al. [4] that residues 74–83 of
the ‘expansion joint,’ or linker, do not show connected
electron density at the level of 1s , suggesting that this
region of the protein is essentially ‘melted’. There are,
however, some 1s features where the linker would lie.
The model has extremely high temperature factors in the
linker, reflecting the fact that the electron density is weak. 
Multiple-conformer refinement
Using the Bragg reflections from 10.0 Å to 2.0 Å resolution,
multiple-conformer refinements were performed using two,
three, four and eight copies of the calmodulin–peptide
complex. The values of (Rfree, R) for each of these were
(0.293, 0.200), (0.276, 0.184), (0.262, 0.166), and (0.269,
0.152), respectively. An improvement in Rfree was observed
in each step between one and four conformers. The eight-
conformer refinement showed a decrease in R, but an
increase in Rfree over the four-conformer refinement.
The temperature factors in the multiple-conformer models
were generally lower than those of the original structural
model. This is expected, as the differences in the conform-
ers absorb some of the motions accounted for by the tem-
perature factors in the single-conformer model. For
instance, the modeled thermal displacement of Ca posi-
tions averaged over the whole protein dropped from 0.69 Å
to 0.59 Å, while that averaged over the linker dropped from
1.3 Å to 0.85 Å.
In order to look for anisotropic variations in atomic posi-
tions, an average atomic variance matrix, analogous to an
overall anisotropic temperature factor, was calculated for
the protein, peptide, and four bound Ca2+ ions (Table 1).
The most strikingly anisotropic displacements were seen
in the Ca2+ ions, most of whose motion was basically con-
fined to the crystallographic a–b plane, primarily along
the b axis. The protein and the peptide also both have
higher displacements in the a–b plane than along the c
axis. The protein has larger displacements than the
peptide, which is not surprising given that the peptide is
almost completely buried.
As is easily seen by overlaying backbone renderings of the
conformers (Figure 2), and plotting the root mean square
(rms) deviation of backbone Ca atoms (Figure 3), the
greatest variation among conformers is in the flexible
linker. This was expected from the lack of continuity
observed in the electron density of the linker region. 
The plot in Figure 2 also shows five nonhelical regions
with notably high variations in dihedral angles. The great-
est variations are in the neighborhood of the linker
(residues 73–84). Four other regions of strong variation are
observed: both N-terminal calcium-binding sites (17–28
and 55–64); one of the C-terminal calcium-binding sites
(92–101); and a turn linking the C-terminal EF-hand
calcium-binding domains (110–116). The N-terminal
calcium-binding sites have particularly strong variations,
comparable to those in the flexible linker.
Large scale diffuse features
Although the multiple-conformer refinement gives a clear
picture of motions, the molecular dynamics simulation in
the refinement algorithm determines the correlations in
the atomic displacements among the conformers. The
patterns in the diffuse scattering, however, are directly
caused by correlations in atomic motions (see below).
Therefore, in order to further experimentally characterize
the motions of calmodulin, we analyzed the diffuse scat-
tering from crystals of the calmodulin–peptide complex. 
As outlined in the Materials and methods section, our
measurements were divided into two parts: first, the large
scale diffuse scattering; and second, the small scale, or
streaked, diffuse scattering. We will first describe the
analysis of the large scale diffuse scattering. 
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Table 1
Atomic variance matrices from the four-conformer refinement.
Vxx Vyy Vzz Vxy Vyz Vzx
Protein 0.40 0.41 0.31 0.00 –0.03 0.00
Peptide 0.28 0.32 0.19 0.01 0.04 0.02
Ions 0.22 0.43 0.09 0.05 0.15 0.01
Unique components of the atomic variance matrices for protein,
peptide, and Ca2+ ions, calculated using the structures from the four-
conformer refinement. Units are in Å2. Refined atomic temperature
factors are not included in calculating these matrices. The matrices are
symmetric, so that Vij = Vji.
As with many derivations of expressions for thermal diffuse
scattering (e.g., Warren [24] and James [25]), the model we
use is in a class where both the displacements of atoms
from equilibrium and the variation in the distance between
any two atoms in the crystal are either small or Gaussian-
distributed. In this class of models, the total mean scattered
intensity I (q) at scattering vector q = 2p s has the form:
where Fi and Fj are the structure factors of atoms i and j, ui
and uj are the vector displacements from equilibrium of
atoms i and j, Ææ indicates a time average, * indicates the
complex conjugate, and both i and j index all of the atoms
in the crystal. Thus, the exact distribution of large scale
diffuse features depends upon all of the N(N–1)/2 unique
elements of the atomic displacement correlation matrix
Cij = Æ uiujæ , where N is the total number of atoms in the
crystal. This matrix can be greatly simplified using the
isotropic liquid-like motions model [14], which assumes
not only that each atom has an equal probability to move
in any direction, but also that the correlation Cij only
depends on the average distance between atoms i and j. In
order to avoid dealing with an unmanageable number of
free parameters, therefore, we chose this model to
describe the motions which give rise to the large scale
diffuse features in X-ray diffraction from calmodulin.
There are two free parameters in the isotropic liquid-like
motions model: an atomic displacement s , which describes
how much the atoms move; and a correlation length g ,
which roughly describes the distance within which an atom
influences the motions of other atoms. The diffuse scatter-
ing predicted in this model has the following form:
where I0(q) is the point-like intensity distribution for the
unperturbed crystal, * indicates a convolution, and the
smoothing function G
g
(q) is the Fourier representation of
the atomic displacement correlations.
Two different functional forms of G
g
(q) were considered
in this study, both of which describe liquid-like motions.
The first was one described in Clarage et al. [15], and cor-
responds to real-space correlations which decay as e –x g 1–1:
The second functional form corresponds to real-space cor-
relations which decay as x –1e –x g 2–1:
In both cases, g describes a length scale over which atomic
displacements are correlated. Atoms which are further
apart than a distance g move essentially independently,
while the motions of those that are closer than g are
coupled. Note that, for large values of q, the second,
Lorentzian form resembles a Debye solid with thermally
excited sound waves. Using diffuse scattering measure-
ments of s and g in this model, one can derive a dispersion
G
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Figure 2
Superposition of conformers from the multiple-conformer refinement, and
the packing in the a–b plane of the crystal. Lattice vectors are indicated
by the grey box. The molecules are oriented with the N-terminal domain
on the right. The peptide (red) lies almost entirely in the b–c plane, and
points mainly along the b axis. As can be seen in the figure, the multiple-
conformer refinement shows relatively high displacements in the a–b
plane. It also shows high variations in dihedral angles for the linker (light
green) and four other nonhelical domains (light blue). Three of these four
domains are calcium-binding sites, including both N-terminal sites. The
proteins pack head-to-tail, with the left most C-terminal calcium binding
site loop sitting in a ridge between the right most N-terminal a helices.
The motions measured from the diffuse streaks are confined to the
same plane as those in the multiple-conformer refinement. They lie
along (1, 1, 0), the head-to-tail packing direction indicated in the figure.
There is strong coupling along this same direction and weak coupling
perpendicular to this direction, especially in the a–b plane through the
flexible linker (light green). Ca2+ ions are shown as spheres. The figure
was made using the program RASMOL (R Sayle, Glaxo Research and
Development, Greenford, Middlesex, UK).
relation for these waves, and calculate their effects on the
entropy and the specific heat of the crystal.
It has been previously shown [20] that s and g can be
objectively refined against three-dimensional diffuse data,
simply by varying them until the correlation coefficient C
between the model and the data is maximized. The same
techniques were used in this study to obtain the best fit to
s and g for crystalline calmodulin.
In order to calculate the diffuse scattering using
Equation 2, the distribution I0(q) must first be calculated.
This distribution is just a point-like sampling of the
squared structure factor ÷ F(q) ç 2 of the unit cell, calcu-
lated without any temperature factors using the program
X-PLOR [26]. In order to be able to calculate diffuse scat-
tering to a resolution as high as 2 Å, I0(q) was calculated to
1 Å resolution, as large-scale features are influenced by
Bragg peaks which are far away in reciprocal space. 
Once I0(q) was obtained, the diffuse scattering was calcu-
lated, using either Equation 3 or Equation 4 as a functional
form for G
g
(q). As with the experimental data, the spherical
average was subtracted from the calculated map and a cor-
relation coefficient was then calculated between the data
and the simulation. In addition, a scale factor was adjusted
between the two to find the best agreement by the R factor.
Both models yield an R factor of 0.41 in the 7.5 Å–2.1 Å res-
olution range, while the correlation coefficient using G (1)
(0.55) is slightly better than that using G (2) (0.54). The data
and simulation are compared for both models in Figure 4.
The refined value of the atomic displacement using both
models was s = 0.38 – 0.08 Å (the error indicates by how
much the parameter must be changed in order to change
the correlation coefficient by 0.01). The correlation length
found using G (1) was g 1 = 4.8 – 1.0 Å. This is a small corre-
lation length compared with the results of other diffuse
scattering studies, such as ones involving insulin [14] (6 Å)
or Staphylococcal nuclease (10 Å) [20]. The correlation
length found using G (2) was g 2 = 12 – 3.5 Å, which is signif-
icantly higher than g 1. 
The different values of the correlation length are due to
the difference in the functional form of the correlations.
One can predict that g 1 will be lower than g 2 by comparing
the radial distributions of the correlations. These have the
form:
and
where each is normalized such that ò 0
¥
c(x) dx = 1. One
method of obtaining a correspondence between g 1 and g 2
is by constraining the position of the maximum in c(1)
(xmax = 2g 1) to be equal to the position of the maximum in
c(2) 
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Figure 3
Root mean square (rms) deviations of
backbone Ca positions and dihedral angles in
the four-conformer refinement. Large
variations are confined to nonhelical domains
(as defined by RIBBONS). There are high
variations in the linker, in three of the calcium-
binding sites, and in a turn linking the C-
terminal EF-hands.
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c(2) (xmax = g 2). This produces the relation g 2 = 2 g 1, which
would account for most of the observed difference.
Another way to approach this is illustrated in Figure 5.
The distribution c(1)(x) is used to calculate data points for
the value g 1 = 4.8 Å. The distribution c(2)(x) is then fit to
the data points using a nonlinear least squares algorithm,
yielding g 2 = 7.7 Å. This fit predicts the relation
for any values of g 1 and g 2.
Streaked diffuse features
The methods used to map the smaller scale streaked fea-
tures in three dimensions are similar to those used for the
large scale diffuse scattering. Rather than being measured
on the same lattice as the Bragg peaks, however, in order
to be resolved these features are measured on a higher res-
olution lattice, called a Gibbs lattice. For this study, we
used a 64 · 64 · 64 Gibbs lattice, which spanned eight
Bragg peaks in each direction at eight times the resolution
of the Bragg lattice.
The C2221 space group of the unit cell was used to
average together all symmetry-related intensity, providing
eightfold redundancy in the data. Despite the relatively
weak data, therefore, the streaks appear as beautifully
clear features, as is seen in the map of diffuse intensity
centered on the (2, 20, –4) Bragg reflection (Figure 6).
Without referring to specific models, we first mention
some salient features in the small scale diffuse scattering.
First, diffuse maps clearly show streaks which completely
lie within the a*–b* plane. Second, two different kinds of
streaks are observed: ones which are primarily extended
along the – (1, 1, 0) direction in reciprocal space; and
symmetry-related streaks which are extended along the
– (–1, 1, 0) direction in reciprocal space. Third, streaks are
never observed to point towards the origin, and their
intensity is strongest when the direction to the origin is
perpendicular to the direction of the streak. All of these
characteristics of the distribution of diffuse streaks are
accounted for by the models we will now describe.
The streaks were modeled using a three-dimensional
analog of the model used to describe the large-scale fea-
tures (see Clarage et al. [15]): 
The variance s 2 of the isotropic model is replaced by a
variance matrix V, which can be thought of as a set of
vectors describing the amplitude of atomic motions in
three independent directions. 
Two different forms for G were used to model the streaks:
and
Equations 9 and 10 are three-dimensional analogs of the
previously described isotropic models in Equations 3 and
4, with the correlation length g replaced by the correlation
matrix G. In a similar way to the variance matrix, the cor-
relation matrix can be thought of as a set of three vectors
G
p
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2 2
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1 G
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Figure 4
Comparison of data (left) and simulation
(right) for large-scale features. Both are
displayed using shell images [20], which are
Mercator projections of the diffuse intensity in
a selected resolution shell, in this case one
spanning 4.3 Å–3.3 Å. The simulation was
generated using exponential correlations, with
a displacement s = 0.38 Å, and a correlation
length g 1 = 4.8 Å. The correlation coefficient
(R factor) calculated between the data and
simulation in this shell is 0.71 (0.34). The
azimuthal angle f varies from –p (left) to p
(right), while the polar angle q varies from 0
(top) to p (bottom) in each image. Pixel values
are displayed on a linear greyscale, ranging
from 20 counts below (black) to 20 counts
above (white) the mean in the shell.
p-p 0
p
-p p
f
q Structure
which describe the length scale of the decay of correla-
tions in three independent directions. 
The procedure for modeling the streaks was similar to that
used to model the large scale diffuse scattering (see
above). The same distribution I0(q) was used in
Equation 8 as was used in Equation 2. The elements of
the matrix G were chosen such that the directions of cou-
pling, and hence the directions along which the streaks
were smeared, pointed along – (a*, b*, 0), – (–b*, a*, 0),
and – (0, 0, c*) (in orthogonal coordinates). The elements
of the matrix V were chosen such that the directions of
motion were the same as the principle axes of the streaks.
All directions were chosen based on the observations of
salient features described above. This left a total of six
free parameters in the refinement: g 1, g 2 and g 3, which are
the correlation lengths along each of the defined direc-
tions; and s 1, s 2 and s 3, which are the amplitudes of
motion along each of the same directions. Symmetry-
related streaks were generated using the same parameters.
The elements of G and V were given initial values based on
estimates of the strength of coupling and amplitude of
motion along each of the defined directions. A diffuse map
was then calculated according to Equation 8, using either
Equation 9 or Equation 10 to describe the correlations.
The background was subtracted in a manner identical to
that used to remove large scale diffuse features from the
data, and the same mask was used to ignore lattice points
which were too close to a Bragg peak position. A correlation
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Figure 5
Comparison of the two functional forms of
correlations. As explained in the text, the radial
distribution c(1)(x) is used to generate data
points for g 1 = 4.8 Å, and the best fit of c(2)(x)
to these points is found for g 2 = 7.7 Å. This
fitting procedure generally predicts the
relation g 2 = 1.60 g 1.
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Figure 6
Comparison of isosurface streaks in the data (a) and the anisotropic
liquid-like motions model using a Lorentzian distribution (b). This view
is centered on (h,k,l) = (2, 20, –4), and spans eight Bragg peaks at a
sampling of eight points per reciprocal-lattice spacing along each
direction. The surfaces are interpolated at a level about 35 counts
above the background. There is more streaking in the model than in the
data, but the overall agreement is quite good (correlation coefficient
with the data is 0.81). Reciprocal axes are labeled (offset) in the figure.
(The figure was made using the program EXPLORER, Numerical
Algorithms Group, Inc., Downers Grove, IL, USA.)
coefficient was calculated between the maps to measure
their agreement. The six free parameters of G and V were
iteratively varied by hand to maximize the correlation coef-
ficient, at which time the refinement was complete. 
The results are summarized in Table 2 and are viewed in
Figure 6. Despite the poor quality of the second data set,
the model parameters refined to values very similar to
those using the data from the first crystal. The refine-
ment using G (2) produced a better correlation with the
data (0.81) than that using G (1) (0.77); visualization of the
maps also confirmed that the one calculated using the
best fit to G (2) looked more like the data. Using the
values in the table, g 1(2)/ g 1(1) = 1.4, and g 2(2)/ g 2(1) = 1.6. Equa-
tion 7 thus appears to hold fairly well for the anisotropic
correlations. The values for g 3 are not unreasonable, but
the short c* axis in the reciprocal unit cell makes it diffi-
cult to obtain an accurate measurement of the correlation
length in that direction.
Using the program XCADS (JBC and GNP, first used in
its present form in [18], and described at website
http://www.bioc.rice.edu/clarage/science/xcads/index.html),
the refined model parameters were used to simulate dif-
fraction images. A typical result is shown in Figure 7,
which compares a simulation with a diffraction image.
Whereas past methods required that the model parameters
be adjusted in order to obtain the best visual agreement,
this study has shown that objectively refined model para-
meters also yield the best visual agreement.
The diffuse streaks can be understood by viewing the
packing of calmodulin in the crystal (see Figure 2). The
0.4 Å motions which give rise to the streaked features are
entirely along the – (1, 1, 0) direction in direct space, which
points along the end-to-end packing direction in the unit
cell. This is also the direction along which the coupling was
the strongest (g = 135 Å). The weakest coupling is perpen-
dicular to this packing direction in the plane of the figure
(g = 50 Å). That the coupling is so weak in this direction is
perhaps not so surprising, as a large solvent cavity contain-
ing the melted flexible linker lies between the stacks of
calmodulin in this direction. Motions are also relatively
weakly coupled into the page (g = 85 Å, which is smaller
than the unit cell in this direction). 
Discussion
Even though Bragg reflections only yield the average elec-
tron density, information about motions can be learned
both from atomic temperature factors and multiple-con-
former refinement. There are problems with both of these
methods, however. Temperature factors are likely to over-
simplify the picture, and contain no information about cor-
relations in atomic displacements. For instance, using Bragg
reflections alone, it is difficult to tell whether higher tem-
perature factors on surface residues are due to rigid-body
rotations or increased mobility due to solvent exposure. 
Correlations can be inferred by studying the differences
among structures in a multiple-conformer refinement. For
instance, in this study, large variations in dihedral angles
were observed in nonhelical domains of the protein. A
natural interpretation would be that the multiple-con-
former refinement predicts motions of rigid, a -helical rods
tethered together by flexible coils. This is very similar to
the picture obtained from molecular dynamics studies of
myoglobin [19,27], another primarily a -helical protein. 
There is a caveat in the above reasoning. Even if an
ensemble of structures accurately describes the possible
locations of individual atoms, the correlations in a multi-
ple-conformer refinement generally come from the details
of molecular dynamics simulations and chemical restraints
rather than diffraction data. In some cases, such as is
common with alternate sidechain configurations, the elec-
tron density can clearly indicate which atoms must move
together. In cases where the electron density is more con-
tinuously smeared, however, the correlations may become
essentially arbitrary, especially between pairs of atoms on
different residues. Although local variations may be clearly
indicated, large-scale motions may be difficult to prove
without further experiments.
Here we compare the results of our multiple-conformer
refinement to a solution NMR study of calmodulin back-
bone dynamics by Barbato et al. [3]. The NMR study uses
a free recombinant Ca2+–calmodulin from Drosophila
melanogaster, but the comparison is nonetheless interest-
ing. Both studies find motions in the linker, and in the
turn connecting the C-terminal EF-hand calcium-binding
domains. Only the NMR study, however, finds motions
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Table 2
Results from the analysis of the diffuse streaks.
g 1 g 2 g 3 s 1 s 2 s 3 C
Crystal 1; G (1) 35 85 80 0.0 0.5 0.0 0.77
Crystal 1; G (2) 50 135 85 0.0 0.4 0.0 0.81
Crystal 2; G (2) 60 145 90 0.0 0.5 0.0 0.42
Two different forms of correlations, G (1) and G (2) (described in the text), were used to model the streaks. Values for s and g are in Å.
in the turn connecting the N-terminal EF-hand calcium-
binding domains and only the multiple-conformer refine-
ment finds motions in three of the calcium-binding sites.
Neither experiment finds large-amplitude motions in any
of the a helices (with the exception of the central portion
of the linker), or in the second calcium-binding site in the
C-terminal domain. In addition, NMR studies of Ca2+-
free calmodulin have shown significant backbone
motions in nonhelical regions, including the calcium-
binding sites [28,29,30].
Despite its simplicity, the isotropic liquid-like motions
model accurately describes the large-scale features in
diffuse scattering from protein crystals. Experiments
with insulin [14], lysozyme [15], tropomyosin [16], tRNA
[18], Staphylococcal nuclease [20], and now calmodulin
all show diffuse patterns characteristic of liquid-like
motions. There is ample evidence that the correlation
length g and the mean atomic displacement s are not just
useful for describing the motions of a small number of
proteins, but are parameters which can be used to charac-
terize the motions of many proteins, and to generate a
hierarchy of flexibility.
There are some interesting connections between the
streaked diffuse features and the internal motions of
calmodulin. The analysis of streaked diffuse features, for
instance, implies motions which are confined to the same
plane as the preferred displacements in the multiple-
conformer refinement. As the two studies were done inde-
pendently, this result shows a measure of self-consistency
between the Bragg and diffuse scattering analysis. 
Analysis of the packing of calmodulin in the crystal (see
Figure 2) shows the important role of the linker in defining
the plane of motion, and the resulting distribution of the
streaks: because the loosely-structured linker lies between
end-to-end ‘rods’ of calmodulin, there is weak coupling
causing streaks to broaden along the direction of contact
between the rods, which lies in the a–b plane. If the linker
were not as mobile, not only would the correlation length
of 50 Å along this direction be likely to increase, but the
crystalline packing would also be likely to change, as it
would not require as much free energy to bring the linker
out of the solvent and into a more restrained environment.
A solvated linker also appears to be electrostatically
favorable: among residues 74–84, eight have charged
sidechains, two have polar sidechains, and only one has a
nonpolar sidechain.
The large scale diffuse scattering does not distinguish
between the different forms of correlations. Careful analy-
sis of the small-scale streaks, however, shows that they are
more consistent with a Lorentzian profile than the form
previously used to describe liquid-like motions. Further
experiments will need to be done to determine whether
this is solely a property of calmodulin, or whether proteins
are generally better described using the Lorentzian form.
The atomic motions which give rise to the diffuse features
account for most of the motions described by the tem-
perature factors from the structural model. Combining
the results of both diffuse scattering studies yields
s =
Ö
(0.38 Å)2 + (0.4 Å)2 = 0.6 Å, compared to a value of
0.7 Å calculated from the mean temperature factor in the
single-conformer refinement. A statistically significant dif-
ference either could be due to an inaccuracy in the
models, or could be due to the presence of independent
atomic fluctuations, which give rise to spherically symmet-
ric diffuse features that were not considered in this study.
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Figure 7
Diffuse features in X-ray exposures. (a) Image
of X-ray exposure from calmodulin (30 s still at
room temperature and pressure).
Measurements of the intensities of the sharp
Bragg peaks were used to refine both
standard and multiple-conformer structural
models. Note the streaked, small-scale
features in the solvent ring (see inset), and the
broader, large scale background features. We
used all 190 diffraction images to obtain
three-dimensional maps of both types of
diffuse scattering, and used the maps to refine
liquid-like motions models of protein dynamics.
(b) A simulated exposure calculated using an
anisotropic liquid-like motions model in
XCADS. The parameters obtained from the
diffuse-scattering refinement not only yielded
the best correlation coefficient with the data,
but also produced the best simulated
diffraction images.
Structure
(a) (b)
This study has shown that much of the disorder in crystals
of calmodulin comes about as a result of the internal
motions of the molecule. While the high-resolution features
of the more rigid domains of the protein may be blurred by
these motions, crystals with disorder can provide insight
into important characteristics of the molecule. For instance,
proteins with smaller correlation lengths would be predicted
to have higher configurational entropy than those with large
correlation lengths. In the calmodulin–peptide complex, for
example, the small correlation length and high mobility of
the linker certainly influences the free energy difference
between the open and closed states. More generally, it
would be interesting to compare the correlation length with
a measure of the stability to denaturation of various pro-
teins, to see how the two are related to each other.
Studies using two different crystal forms of lysozyme show
that the short range correlated motions, which give rise to
large scale diffuse features, do not change in different
crystal environments [15]. This is not surprising, as the
length scale of correlations (6 Å) is smaller than the size of
the protein. The values of s and g which are obtained
from large scale diffuse scattering are therefore likely to
be relevant even in the solution state.
The most locally mobile parts of calmodulin, such as the
linker, do not make crystal contacts. It is possible that
these parts are mobile simply because they are not con-
strained by contacts. Proteins are known, however, to crys-
tallize in space groups which allow a high number of
rigid-body degrees of freedom [31]. The important influ-
ence of configurational entropy also makes it likely that, in
order to avoid increases in free energy, the protein crystal-
lizes in such a way as to preserve the disorder of the most
mobile parts of the protein. This gives additional confi-
dence not only in identifying mobile parts of the protein
using crystallography, but also in guessing at which parts
of the protein are relatively rigid.
Large-scale motions, on the other hand, are generally sen-
sitive to the particulars of the crystal lattice. Proteins tend
to push up against each other in the crystal, so that the
packing is most likely too dense for independent rigid-
body motions of entire proteins. For instance, this study
has shown that in calmodulin crystals, the proteins do not
have independent large-scale motions. Motions are pri-
marily along the head-to-tail packing directions of the unit
cell, and strongly influence the movements of neighboring
proteins along these same directions.
Schomaker and Trueblood’s ‘TLS’ model of rigid-body
translations and rotations [32] (where ‘T’ is the translation
tensor, ‘L’ is the libration tensor and ‘S’ is the tensor of
correlation of translation and rotation) can account for
much of the amplitude of individual atomic temperature
factors in structural models of proteins [33,34]. Diffuse
scattering should reveal whether the TLS model works
because it is accurate, or whether it works because it is a
concise way to account for a general increase in the mobil-
ity of residues near the surface of proteins. In fact, Pérez et
al. [35] have recently reported that diffuse scattering from
lysozyme has some features which are consistent with
independent rigid-body motions of protein molecules. 
Lysozyme, however, has been something of a test case for
diffuse scattering studies, and other models have been
proposed to describe the diffuse scattering [13,15,17]. For
instance, an early experiment by Doucet and Benoit [13]
(in a spirit similar to this calmodulin study) showed that a
model based on the motions of rigid clusters of molecules
produced diffuse streaks similar to those in P212121
lysozyme diffraction images. It would be very interesting
to perform a careful analysis of the lysozyme diffuse scat-
tering using three-dimensional measurements like those
described here and in a previous study of Staphylococcal
nuclease [20]. Such a study should compare all relevant
models to date, and should also include a description of
coupled rigid-body motions, which would also be consis-
tent with the TLS model.
Structural biology can benefit from improvements in
diffuse scattering methods in several ways. With increas-
ingly good data and three-dimensional representations, it
may be possible to use more complex models to describe
the motions. One natural way to extend the liquid-like
motions model would be to break up the protein into
domains j, assigning a different correlation length g j to
each of the domains. Although one could not reasonably
measure all of the atomic correlations Æ uiuj æ , one could
tune the level of detail, and thus the number of free para-
meters, in such a model to accurately reflect the amount of
information in the diffuse data. Such improvements are
especially important both in light of the evidence that
molecular dynamics simulations do not sample enough
configurations to precisely measure these atomic correla-
tions [19], and in light of the key role that correlations play
in determining the thermodynamic properties of proteins.
As the methods improve, it will be possible to revisit a
problem pointed out long ago by Cochran [36]: in order to
accurately measure Bragg peaks, one must effectively sub-
tract the diffuse scattering. Although current techniques
are likely to be adequate for subtracting large scale diffuse
features, streaked features are more difficult to deal with
in integration algorithms. One possible solution lies in an
iterative integration scheme, where Bragg and diffuse data
are measured separately in a first pass, but where Bragg
peaks are measured again after the streaks have been char-
acterized. Such an iterative scheme would not only
produce improved diffuse scattering data, but also yield
better Bragg peak measurements improving the quality of
electron-density maps.
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Eventually Bragg and diffuse data could be combined into
a complete X-ray diffraction data set, allowing for a more
accurate refinement of models of protein dynamics. This
would not only be important for obtaining information
about correlated motions, but would also most likely
improve the overall quality of structural models by allow-
ing a more sophisticated treatment of molecular motions.
Biological implications
Calmodulin is capable of binding to many different pro-
teins and regulating their activities. If the molecular
basis of its function were known, one would be able to
predict the influence of calcium on a great number of
biological processes.
The wide-spread influence of calmodulin can largely be
attributed to the flexible linker, which allows the globular
ends of the protein to reposition themselves when they
bind to a target. The detailed properties of the linker will
in part determine the binding affinity of calmodulin for its
many targets. For instance, the linker appears to lose
coherent structure when it binds to a target, which no
doubt affects the enthalpy of binding. Understanding
motions such as those observed in this study may prove to
be useful in estimating such effects quantitatively.
We have studied motions in a calmodulin–peptide
complex using both Bragg and diffuse scattering in X-ray
diffraction experiments. Bragg data were used to
perform a multiple-conformer refinement, which pro-
duced an ensemble of protein structures whose differ-
ences were analyzed. Diffuse scattering data were used
to study the correlated motions of the crystalline protein.
The results of these studies are complementary, and
show consistencies.
We find two interesting results related to the linker. As
evidence that there are many configurations present in the
crystal, the ensemble of structures from the multiple-
conformer refinement both improves the fit to the X-ray
data, and lowers the temperature factors. The ensemble
shows great variations in the linker. The diffuse scattering
also shows that atomic motions are only weakly coupled
through the linker, with a correlation length of 50 Å.
We also find that other parts of the molecule besides the
linker are highly mobile. Most notable are the two regula-
tory N-terminal calcium-binding sites. The mobility in
these sites may be related to their relatively weak affinity
for calcium. One of the C-terminal calcium-binding sites
also shows relatively high variations, as does a turn con-
necting the C-terminal EF-hand calcium-binding domains.
This study yields a couple of more general observations
about motions in crystalline calmodulin. First, the diffuse
scattering shows that the whole molecule is relatively soft,
having an overall correlation length which is relatively
small. Compared to insulin and Staphylococcal nuclease,
for instance, different parts of the protein move relatively
independently of each other. Second, the overall motions
of the atoms are anisotropic. Both the distribution of
atomic displacements in the multiple-conformer refine-
ment and the streaks in the diffuse scattering show that
atoms move primarily in the a–b plane, and with higher
amplitude along the b axis than along the a axis.
Finally, recent improvements in diffuse scattering
methods have some general implications for structural
biology. It is not difficult to imagine algorithms for mea-
suring Bragg reflections and diffuse scattering simulta-
neously, and for including diffuse data in automated
refinement. Both Bragg reflections and diffuse scattering
will almost certainly be more accurately measured when
measured together, especially when small scale diffuse
streaks are present. Also, by combining Bragg and
diffuse data during refinement, one can more accurately
model protein motions, improving the quality of struc-
tural models and possibly lowering R factors.
Materials and methods
Specimens
Diffraction-quality crystals were microseeded in hanging drops over
100 mM sodium acetate at pH 5.2, with 20% polyethylene glycol
6000 (PEG 6000), 10 mM calcium chloride and 0.02% sodium
azide. Stock solutions of 24 mg/ml bovine brain calmodulin (Sigma
Lot 54H9558), 14 mg/ml CaMKII a peptide (gift of the lab of F
Quiocho, Howard Hughes Medical Institute, Baylor College of Medi-
cine, Houston, TX), and 30% PEG were mixed into hanging drops in
about a 4:2:1 ratio.
Crystals had an orthorhombic unit cell with space group C2221. Using
the program DENZO [37], the unit cell parameters were measured to
be a = 38.8 Å, b = 75.2 Å, c = 120 Å, a = b = g =90°, with a mosaicity
of 0.3°. Crystals were mounted in glass capillaries, with the buffer
touching the crystal kept to a minimum.
Data collection
Data were collected at the F2 station at the Cornell High-Energy Syn-
chrotron Source (CHESS), using the Princeton 2K CCD detector (a
successor to that described in Tate et al. [38]). The beam was tuned to
0.98 Å, had a measured polarization of 0.9, and was collimated to a
100 m m diameter.
A sequence of 30 s still exposures (see Figure 7), where the gonio-
meter position remained fixed, was used to obtain three-dimensional
measurements of diffuse intensity. Stills were taken every 1° in spindle
rotation, with interleaved 10 s 1° oscillation exposures for obtaining a
crystal orientation and Bragg peak measurements. Exposures were
taken at 190 different spindle positions.
Data processing
Bragg reflections were indexed and measured from oscillation expo-
sures using DENZO and SCALEPACK [37] (Zbyszek Otwinowski and
Wladek Minor). The data were 96% complete from 20 Å–2 Å, with a
‘linear R factor’ (Rsym) of 0.06.
In addition to the Bragg reflections, striking diffuse features were visible
in X-ray exposures (see Figure 7). Notably prominent were streaks ema-
nating from Bragg reflections, especially in the neighborhood of 3.5 Å
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resolution. In addition, broader features, with length scales larger than the
distance between Bragg reflections, were visible.
Before using diffraction images to measure diffuse intensity, some
experimental effects which cause background intensity variations had
to be accounted for. Two effects are significant: the polarization of
the X-ray beam causes azimuthal variations which are especially
strong at high resolution; and pixels at high-scattering angles span a
smaller solid angle about the specimen than do pixels at low scatter-
ing angles, causing an effective decrease in intensity at high resolu-
tion. Previously described methods [20,39] were used to correct for
both of these effects.
Large scale diffuse features
To isolate the large scale diffuse features, it is necessary to eliminate
the sharp Bragg reflections from diffraction images. A ‘mode filter’
image processing technique can be used to successfully eliminate
Bragg peaks from X-ray diffraction images [20]. This technique was
found to have some limitations, however: the streaked features in
calmodulin diffraction images left traces of intensity in mode-filtered dif-
fraction images. A different method was therefore sought to eliminate
Bragg reflections.
A simple solution was suggested by a symmetry property of the
C2221 unit cell space group. In this space group, all Bragg reflec-
tions where h + k is odd are identically zero. In addition, as is
described below, the streaks emanating from Bragg reflections were
oriented along the (± 1, 1, 0) directions, so that no streaks were ever
observed near these systematic absences. To eliminate Bragg reflec-
tions from calmodulin diffraction images, therefore, intensity measure-
ments were made only in the neighborhood of systematic absences.
This meant that reciprocal space was sampled at only every other
Miller index in the a* and b* directions. In addition, due to the rela-
tively long c axis of the unit cell, reciprocal space was sampled at
only every fourth Bragg peak in the c* direction. Even with the
reduced resolution, however, this sampling was sufficiently detailed
to resolve the large scale diffuse features, whose smallest variations
were larger than many reciprocal-lattice spacings.
As is the case with ordinary diffraction data, when diffuse data are
merged to create a three-dimensional data set, variations in beam
intensity and the change in the thickness of the specimen with different
crystal orientations require scaling of intensities. In order to calculate a
scale factor for diffuse intensity in a diffraction image, measurements
were taken of the diffuse scattering at high resolution, where coherent
scattering is very weak. Using the methods described in Wall [39],
these measurements were then used to scale values of diffuse intensity
and map them to a three-dimensional lattice of diffuse scattering Id (s),
called a ‘diffuse map’. This map is essentially the same as a sparsely
sampled Bragg lattice, where, instead of being Bragg peak intensities,
the values are measurements of the diffuse intensity in the neighbor-
hood of the corresponding Bragg peak.
In order to increase signal-to-noise, at the time they were created,
the maps Id (s) were symmetry-averaged according to the predic-
tions of the C2221 space group of the unit cell. The symmetry aver-
aging was crucial to the success of the experiment, as it made
otherwise weak features strong enough to visualize: eight indepen-
dent measurements were made for each lattice point, substantially
enhancing the signal-to-noise.
To eliminate the effects of scattering from disordered solvent, air, and
other spherically symmetric sources, the spherically averaged intensity
was subtracted from each intensity value in the diffuse map. Reciprocal
space was sectioned into spherical shells, each of thickness 0.0669
Å–1 (the length of the reciprocal unit cell diagonal), and the average
intensity was calculated in each of these resolution shells, producing a
map Idsph(s) of the spherically averaged diffuse intensity. A residual
map, D Id(s) = Id(s) – Idsph(s), was then calculated.
In order to check reproducibility, two independent data sets were
obtained using different crystals in different orientations. After each
map had its spherical average subtracted, a correlation coefficient, C,
was calculated between the resulting residual maps:
where X and Y are two maps being compared (in this case, the two
experimentally obtained maps of D Id(s)), and {s} spans the scattering
vectors in the resolution shells over which the comparison is to take
place. The result was a correlation of 0.59 in the 7.5 Å–2.1 Å resolu-
tion range (for comparison, the correlation in the same range is 0.998
before the spherical average is subtracted). In addition, the R factor,
defined as
was calculated between the residual maps, giving a value of 0.40 in the
7.5–2.1 Å resolution range. This R factor does not compare well with
the Rsym of 0.06 calculated from the Bragg data, which is attributed
both to the relatively weak signal after the spherical average is sub-
tracted, and to the fact that the data from the second crystal were
much weaker than those from the first crystal.
Streaked diffuse features
When he conducted the first thorough experiments to verify the Debye
theory, Laval [40] mapped the distribution of diffuse intensity in the
neighborhood of Bragg reflections from diamond crystals completely
by hand. Fortunately, we were able to develop automated methods to
map the three-dimensional distribution of streaked diffuse features in
calmodulin diffraction.
The methods were similar to those used in mapping the large-scale fea-
tures. As the streaks have structure on length scales smaller than the
reciprocal unit cell, however, a lattice which samples reciprocal space
at a finer scale than the Bragg lattice was required. A Gibbs lattice
(described in, e.g., Clarage and Phillips [10]), which subdivides recip-
rocal unit cells into equal-sized blocks, is a natural choice. Eight voxels
per Bragg peak spacing, amounting to 512 voxels per reciprocal unit
cell, was found to be sufficiently detailed to resolve the streaks, yet was
not so fine that the 1° spindle sampling left voids in the map. Using the
Nyquist condition, at this sampling frequency, we estimate that we can
observe motions which are correlated on length scales of up to four
lattice spacings along each unit cell axis.
We now estimate the smallest diffraction feature which can be
resolved, given the experimental constraints. Roughly speaking, fea-
tures are smeared over a reciprocal space distance of
when the scattering angle q scatt is broadened by dq scatt. The mosaicity,
an angular parameter which strictly measures how much the orientation
of identical Bragg planes varies throughout the crystal, is commonly
used as a fudge-factor to absorb all kinds of experimental peak broad-
ening (including some small scale diffuse scattering, which technically
should be separated to measure Bragg peak intensities accurately).
The mosaicity thus gives an estimated upper limit on dq scatt: when the
value of 0.3° (5 · 10–3 rad) for calmodulin is substituted into Equation
13 at a resolution of 3.5 Å, where we map the streaked features (see
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below), the result is d s » 7 · 10–4 Å–1, which means that our experi-
ment is sensitive to real-space correlations over distances up to a
limit of about (2 p · 7 · 10–4 Å–1)–1 = 200 Å at 3.5 Å resolution. This
estimate indicates that we may be needlessly oversampling the data
at eight measurements per reciprocal lattice spacing, especially
along the b* and c* axis. A harder limit is given by the beam divergence
of 1.7 · 10–3 rad at the F2 station reported by CHESS (website
http://www.chess.cornell.edu/Facility/F2_station.html), which yields an
upper limit of about 600 Å for the largest detectable real-space correla-
tions, in which case little, if any, oversampling occurs.
Computer memory limitations prevented the mapping of all of recipro-
cal space at this resolution, so diffuse data were only mapped in
selected regions of interest. For this study, a strongly streaked region
of reciprocal space, centered on (h,k,l) = (2, 20, –4), and spanning
eight Miller indices along each reciprocal axis, was selected. A visual-
ization of the resulting map clearly shows the structure of the streaked
features observed in diffraction images (see Figure 6). This is the first
reported measurement of such a map using X-ray diffraction from a
protein crystal.
In order to isolate the streaked features, it was necessary to remove
both the Bragg peaks and the large scale diffuse features from the
Gibbs lattice. As previously described, the large scale diffuse features
were obtained by averaging pixel values in the neighborhood of system-
atic absences. The large scale diffuse intensity at the nearest system-
atic absence was then subtracted from each value in the Gibbs lattice.
The Bragg peaks were eliminated by masking out the Gibbs lattice
points within an ellipsoid whose axes spanned 1/5 of the lattice
spacing along each reciprocal axis. The ellipsoid was chosen to be
larger than the width of the Bragg peaks, and small enough so as to
keep enough data for refining model parameters.
As was done for the large scale diffuse scattering, we determined the the
reproducibility of the streaks by comparing diffuse maps obtained from
experiments using different crystals. Without background subtraction, the
correlation coefficient between the two was 0.72. When the background
was subtracted from each of the maps, however, the correlation coeffi-
cient was just 0.47. The poor correlation is explained by photon noise:
the intensities were much lower in the second data set (the problem was
not as severe with the large scale diffuse data, as many pixel values were
averaged together to give the intensities in the large scale diffuse map,
substantially increasing the signal-to-noise). Despite the low correlation
between the two maps, however, they both produced very similar para-
meters in the model refinement (see Results section).
Accession numbers
Coordinates for the single- and four-conformer refinements have been
deposited in the Brookhaven Protein Data Bank with accession codes
1CM1 and 1CM4, respectively.
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